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Abstract 
Groundwater of the Carboniferous limestone transboundary aquifer of northern France and Belgium has sulfate 
concentrations ranging from 20 to more than 1000 mg.l-1, and in some parts of the aquifer a clear increase over 
several years has been observed. 
The hydrogeochemical study that was carried out within the whole aquifer highlights a complex geochemical pattern 
due to the existence of various processes such as water-rock interaction, ion exchange, and different origins of 
sulfates, such as oxidation of sulfur minerals, and dissolution of secondary and primary evaporites. In some areas, the 
increase in sulfate concentrations may be linked to a water level increase and to redox processes. 
 
© 2012 The Authors. Published by Elsevier B.V.  
Selection and/or peer-review under responsibility of Organizing and Scientific Committee of WRI 14 – 2013. 
 
Keywords: Carboniferous limestone Aquifer, Sulfur isotopes, geochemical processes, sulfate, France, Belgium. 
1. Introduction 
Sulfate (SO4) concentrations in groundwater can be high in deep confined aquifers due to the presence 
of naturally abundant sedimentary sulfur minerals or evaporite rocks. Groundwater of the Carboniferous 
limestone transboundary aquifer of northern France and Belgium has sulfate concentrations sometimes 
higher than the recommended values for potable water, which are fixed at 250 mg.l-1. 
The carboniferous limestone groundwater has been exploited for decades to provide drinking water 
and supply heavy factories. Over-pumped during the last century, the water level of the aquifer 
dramatically decreased in some areas. Since the end of the industrial period and according to some 
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agreements to reduce pumping, groundwater consumption declined and water table is now stabilized and 
slowly coming up. In the same time, an increase of sulfate concentrations is observed. 
One of the objectives of this project is to evaluate the origin of sulfates in the Carboniferous limestone 
Aquifer and to understand concentration trends using hydrochemical tools. 
2. Background site and sampling information 
The Carboniferous limestone Aquifer is composed by two rock layers: the Visean (limestone and 
dolomite) and the Tournaisian (limestone, dolomite and shale), representing the lower periods of the 
Carboniferous era. The higher part of the aquifer (Visean), with an approximate thickness of 30 - 130 m, 
is very productive and may be considered as a karstified zone. Even if the calcareous shale layer 
(Tournaisian) cannot be mapped with accuracy on all the study area, it is considered as the bottom of this 
partly free and partly captive aquifer. 
Two field-sampling campaigns were carried out in March and November 2011 to collect groundwater 
and to measure major dissolved elements, δ34S and δ18O-SO4. Water was sampled from 36 wells 
exploiting the Carboniferous limestone and 4 boreholes pumping into the Chalk aquifer located above the 
Carboniferous aquifer. Additionally water from the artificial river “La Marque” was sampled during the 
November sampling campaign. Cuttings (Wattrelos-Fr) and one limestone leachate (Mouscron-Be) 
completed the sampling program (fig.1).  
 
Fig. 1. Map of the Carboniferous limestone Aquifer and sampling point locations. 
3. Results 
3.1. Groundwater chemistry 
Sulfate concentrations are highly variable (8.6 to 759 mg.l-1) and are not showing a simple pattern 
following, for example, flow directions. In the Carboniferous limestone aquifer, different processes were 
identified and may explain the change in sulfate concentrations: i) water-rock interaction; ii) presence of 
evaporite rocks (primary and secondary) and/or mixing with salty water; and iii) bacterial oxidation of 
sulfide minerals. Geological information and redox potential measured in groundwater allowed 
delineating a progressive change between the oxic recharge zone (eastern part) and the anoxic western 
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part of the studied area. In the recharge area, groundwater gets enriched in magnesium due to water-rock 
(dolomite) interaction before losing calcium and winning sodium as a classical process of cation 
exchange along the flow paths. The cation exchange process is particularly significant in the western part 
of the aquifer (Mons-en-Baroeul, Marcq-en-Baroeul, Bousbecque, Lille, Roncq, Guignies). In the 
southern central part of the aquifer, around Guignies, the Ca vs SO4 and Cl vs SO4 diagrams are 
indicating the possible influence of evaporite rocks dissolution. The water sampled at Maulde and Tressin 
is showing a clear deficit in sulfate compared to chlorides that may be attributed to sulfate reduction. 
These two sampling points are showing the lowest Eh values.  
3.2. Sulfur isotope data 
During (bio)geochemical transformation of sulfate, fractionation processes modified the S isotope 
composition (34S/32S) and the 18O/16O of sulfates. The process of bacterial reduction induces an isotope 
fractionation with an enrichment factor comprised between -30‰ and -10‰ in groundwater [1]. Primary 
evaporites present a variable δ34S ranging from +10 to +30‰ [2]. Local measurements performed on 
Visean marine sulfate evaporites of the southeastern part of the studied area gave isotope values from +14 
to +26.6‰ for δ34S [3]. Isotopic analyses carried out in the water of the chalk aquifer (North of France) 
indicated δ34S values ranging between -42.45 and -16 ‰ [4; 5]. Previous studies indicated quite negative 
δ34S values in the Carboniferous limestone Aquifer due to the dissolution of secondary evaporites 
(frequent in some geological layers) and pyrite oxidation [4; 5]. The major part of samples collected in 
2011 (fig.2) has negative δ34S values (-11.1‰ to -1.8‰) of SO4 for very variable sulfate concentrations 
(70 to 211 mg.l-1). Groundwater at Guignies has high δ34S values (14.4 ‰ and 15.6 ‰) and high sulfate 
concentration (443.5 mg.l-1). This water is the only one clearly influenced by a primary evaporite 
signature.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. δ34S vs SO4 for waters collected in 2011 and some other studies 
 
The sampling points showing the more anoxic conditions, Tressin and Maulde are also isotopically 
enriched but have low SO4 concentrations. Bacterial reduction seems to be the most probable process to 
explain such high δ34S values. The isotope evolution of some water such as in Tressin, Maulde, Jollain-
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Merlin and Hacquegnies from the isotope composition of rock leachate may be explained by a bacterial 
reduction of sulfates following an enrichment factor of ε = -20‰.  
3.3. Sulfate concentration trend 
For some few locations sulfate concentration measurements are quite intensive and the long-term 
chronicles allowed evaluating changes of concentrations with time (ades.eaufrance.fr). Some chronicles 
are showing stable average concentrations from the 1980 to the mid-90’s with low seasonal variations and 
then a clear increasing trend after mid-90’s (in Tourcoing, Lille sector). It appears a good correlation 
between the water level and the sulfate concentration trends in some sectors of the Carboniferous 
limestone aquifer. In the southern part of the aquifer, where the influence of primary evaporites can be 
seen, only one high-quality data chronicle is available (Maulde). The data are showing a regular 
concentration increase as can be seen in Tourcoing.  
4. Conclusion 
The Carboniferous limestone Aquifer is showing a complex geochemical pattern due to the existence 
of various processes such as water-rock interaction or ion exchange. Sulfate concentrations may be highly 
variable and sometimes exceed drinking water value of 250 mg.l-1. Three different origins were 
highlighted for sulfates in the Carboniferous Aquifer: oxidation of sulfur minerals (pyrite, marcasite), 
dissolution of secondary and primary evaporites. 
The clear increase of sulfate concentrations at various monitoring points of the aquifer since the mid-
90’s may be linked to water level changes that should be correlated to reduction and oxidation processes 
and the presence of pyrite and marcasite in the geological formations composing the Carboniferous 
Aquifer and secondary evaporites in the aquitards separating Carboniferous to Chalk Aquifers. 
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